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INTRODUCTION 

Epidemiological  and  case  control  studies  have  shown  a  two-  to  eight-fold  lower  occurrence  of 
breast  cancer  in  Asian  women  whose  early  intake  of  soy  products  is  10  to  20  times  higher  than 
their  American  counterparts  (1).  Our  laboratory  has  shown  that  dietary  exposure  to  soy  protein 
isolate  (SPI)  protects  against  breast  cancer  in  rats  partly  due  to  upregulation  of  tumor  suppressor 
phosphatase  and  tensin  homologue  deleted  on  chromosome  ten  (PTEN)  and  inhibition  of  the 
oncogenic  Wnt  signaling  pathway  (2-5).  Breast  cancer  is  thought  to  originate  from  a  population 
of  stem  and  progenitor  cells  that  are  relatively  undifferentiated  and  long-lived/immortal,  which, 
in  turn,  facilitate  long-term  accumulation  of  oncogenic  mutations  and  susceptibility  to 
transformation  (6).  Ectopic  expression  of  Wnt- 1  in  the  mammary  gland  of  female  mice  results  in 
heterogeneous  mammary  tumors  relevant  to  human  disease  (7).  A  linkage  between  PTEN  and 
Wnt  signaling  pathways  in  mammary  tumorigenesis  is  suggested  by  the  findings  that  PTEN 
deficiency  results  in  decreased  latency  of  tumor  formation  in  Wnt-1  transgenic  mice  (7).  Stem 
cell  renewal  is  a  tightly  regulated  process,  dysregulation  of  which  can  lead  to  neoplastic 
transformation.  The  normal  mouse  mammary  stem  cell  population  (CD29hlCD24hl)  is  expanded 
in  pre-neoplastic  mammary  glands  of  Wtn-Tg  female  mice  suggesting  that  dysregulated  Wnt 
signaling  mediates  tumorigenesis  in  part  by  favoring  the  conversion  of  normal  to  cancer  stem 
cells  (8).  Indeed,  cancers  arising  from  Wnt-Tg  mice  were  shown  to  originate  from  cancer  stem 
cells  (CD24  Thyl  )  (9).  Therefore,  we  hypothesize  that  dietary  soy  protein  isolate  protects 
against  Wnt-induced  mammary  tumorigenesis  by  up-regulating  PTEN  signaling  and 
decreasing  normal  mammary  stem  cell  population,  thus  preventing  the  conversion  of  normal 
stem  cells  to  cancer  stem  (tumor  initiating)  cells. 

BODY 

My  main  goal  is  to  explore  novel  mechanisms  of  dietary  prevention  of  breast  cancer  linking  the 
PTEN  and  Wnt-signaling  pathways  on  the  regulation  of  mammary  stem  cell  fate.  The  mouse 
mammary  tumor  virus  (MMTV)-Wnt-l -transgenic  mice  (Wnt  Tg)  express  the  oncogenic  Wnt-1 
protein  in  the  mammary  gland  and  develop  spontaneous  breast  tumors  from  a  small  population  of 
cancer  stem  cells  (CD24+Thyl.l+)  (9),  probably  due  to  an  expansion  of  normal  stem  cells 
(CD29hlCD24hl)  (8).  Therefore,  Wnt-Tg  mice  serve  as  an  excellent  model  to  study  PTEN- 
associated  genes,  regulated  by  dietary  factors,  on  mammary  stem  cell  self-renewal  and 
tumorigenesis  in  vivo,  with  strong  relevance  to  human  disease.  The  study  is  composed  of  two 
Specific  Aims.  Aim  1  will  identify  PTEN-dependent  signaling  pathways  involving  anti¬ 
proliferative  and  pro-differentiation-associated  genes  which  may  underlie  mammary  tumor 
protection  by  dietary  soy/genistein  (GEN),  using  genome-wide  expression  profiling  of  mammary 
epithelial  cells  (MECs)  exposed  to  GEN  in  the  presence  or  absence  of  PTEN  short  hairpin  (sh)- 
RNA.  I  expect  to  identify  a  number  of  differentiation  associated  genes  to  be  up-regulated  by 
GEN  in  MECs,  an  effect  that  will  be  lost  in  the  presence  of  PTEN  knockdown.  Aim  2  evaluates 
the  effect  of  diet  on  the  population  and  self-renewal  potential  of  mammary  cancer  stem  cells  by 
in  vitro  mammosphere  assay.  Tumor  initiating  cells  (Thyl+CD24+)  will  be  isolated  from  breast 
tumors  from  Wnt-1  Tg  mice  fed  casein  (CAS),  soy  protein  isolate  (SPI),  and  GEN  by  using 
Fluorescent  Activated  Cell  Sorting  (FACS).  I  expect  to  see  a  decreased  population  of  cancer 
stem  cells  in  the  mammary  glands  of  Wnt  Tg  mice  fed  SPI  and  GEN  relative  to  the  control  CAS 
diet,  consistent  with  the  predicted  decreased  tumor  incidence  for  these  diets. 
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Regarding  the  progress  in  Aim  1,  I  first  evaluated  the  effect  of  soy  isoflavone  GEN  on  the 
nuclear  PTEN  network  and  PTEN-regulated  genes  by  knockdown  methodologies  in  human 
mammary  epithelial  cell  line,  MCF-10A.  This  published  work  (3)  describes  the  linear  pathway 
by  which  a  GEN-mediated  increase  in  PTEN  expression  and  nuclear  localization  initiates  an 
autoregulatory  loop  involving  PTEN-dependent  increases  in  p53  nuclear  localization,  PTEN/p53 
physical  association,  PTEN/p53  co-recruitment 
to  the  PTEN  promoter  region,  and  p53 
transactivation  of  PTEN  promoter  activity. 

Enhanced  PTEN  signaling  by  GEN,  resulted  in 
decreased  expression  of  proliferative  genes 
cyclin  Dl,  and  pleiotrophin  in  a  PTEN- 
dependent  manner  (Figure  1).  To  address  Aim  2, 

I  investigated  SPI  effects  relative  to  the  control 
CAS  diet,  on  mammary  tumor  development  in 
MMTV-Wnt  1 -Transgenic  (Tg)  female  mice  and 
on  the  mammary  stem  cell  (SC)  population  in 
virgin  wildtype  (WT)  and  pre-neoplastic  Tg 
female  mice.  Since  this  aim  requires  a  large 
number  of  Wnt  Tg  mice  for  the  breast  cancer 
protective  effects  (at  least  n=30  per  diet;  CAS, 

SPI,  or  GEN)  and  for  analysis  of  stem  cell 
population  and  self  renewal  (n=5-7  mice  per  diet 
per  genotype  (WT  or  Tg)  for  each  experiment; 
with  at  least  3  independent  experiments),  I 
decided  to  start  with  Aim  2  alongside  with  Aim 
1.  From  gestation  day  4  (GD  4),  dams  were  fed 
the  control  CAS  diet,  composed  of  casein  as  the 

sole  protein  source.  Female  Wnt-1  Tg  pups  continued  on  CAS  diet  until  weaned  at  PND  21.  At 
weaning,  female  Wnt-1  Tg  mice  were  assigned  to  different  semipurified  isocaloric  diets 
according  to  the  American  Institute  of  Nutrition  (AIN-93G)  formulation.  The  diets  are  1)  CAS 
diet,  casein  is  the  sole  protein  source,  2)  SPI  diet,  soy  protein  isolate  as  sole  protein  source 

containing  430  mg  of  total  isoflavones/kg  diet, 
including  276  mg/kg  genistein  and  132  mg/kg 
daidzein,  and  3)  GEN  diet,  made  of  casein  with 
addition  of  aglycone  GEN.  Mice  were  fed  these  diets 
throughout  the  study.  Mammary  tumor  latency, 
incidence  and  multiplicity  were  carefully  observed 
and  recorded.  As  shown  in  Table  1,  tumor  incidence 
at  8  months  of  age  of  Tg  mice  fed  SPI  (n=30)  was 
lower  than  those  fed  CAS  (46.7%  vs. 73. 5%;  p<0.05) 
(n=34).  Interestingly,  tumor  latency  in  SPI-fed  Tg 
mice  was  shorter  than  for  the  CAS-fed  group  (4.65  vs. 
5.88  months;  P<0.05).  Since  dietary  consumption  of 
GEN  did  not  significantly  protect  against  Wnt- 


Figure  1.  In  the  presence  of  GEN,  the  nuclear  pool  of  PTEN 
is  increased  leading  to  increased  levels  of  nuclear  p53, 
promotion  of  PTEN/p53  complex  formation,  increased 
recruitment  of  the  PTEN/p53  complex,  and  hence  activation  of 
PTEN  transcription.  A  functional  outcome  of  increased 
nuclear  PTEN  is  the  reduction  in  the  expression  of  pro- 
proliferative  genes  cyclin  Dl  and  pleiotrophin,  resulting  in 
GO-1  arrest  and  leading  to  early  lobuloalveolar 
differentiation  (Adapted  from  Rahal  and  Simmen,  2010). 


Table  1.  Mammary  Tumor  Outcome  as  a 
Function  of  Diet 


Diet 

Mice/ 

Diet 

Tumor 

Incidence3 

Tumor 

Latencyb 

CAS 

34 

73.5  % 

5.88+0.32 

SPI 

30 

46.7  %# 

4,65+0.4* 

GEN 

21 

52.4  % 

4.94+0.44 

a.  Tumor  Incidence  =  %  mice  that  develop  tumors  at 
<  8  months  of  age 

b.  Tumor  Latency  =  age  at  which  tumor  is  initially 
detected,  in  months 

#  P  <0.05,  relative  to  CAS  (Fisher’s  Exact  Test;  two 
tailed) 

*  P  <0.05,  relative  to  CAS  (t-test) 
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induced  breast  cancer  relative  to  CAS  diet,  further  studies  were  conducted  only  in  mice  fed  either 
CAS  or  SPI.  Tumor  growth  rate  was  similar  for  the  diet  groups  (Figure  2).  To  evaluate  SPI 
effects  relative  to  CAS,  on  the  mammary  SC  population,  epithelial  cells  from  mammary  tissues 
were  isolated  from  WT  (Postnatal  day,  PND  100)  and  Tg 
(PND75)  mice.  The  percentage  of  mammary  SCs  was  quantified  £ 
by  FACS  of  mammary  epithelial  cells  (MECs)  based  on  their  o  o0 
expression  of  mouse  mammary  SC  markers  namely  CD29  and  ^  60 '  T 

CD24  within  the  Lineage  negative  (Lin  )  populati  on  (CD45\  |  40  • 

TER119',  CD31).  The  Lin  CD29hiCD24hl  subpopulation  in  h  20  ■ 

MECs  was  decreased  by  50%  in  Tg  mice  fed  S  PI  post-weaning  55 
relative  to  those  fed  CAS,  suggesting  a  reduced  likelihood  of 
initiating  mutations  in  normal  SC  that  lead  to  Cancer  SC.  The  latter 
possibility  may  explain  the  tumor  protective  effects  of  SPI  (Figure 
3A).  Interestingly,  the  normal  SC  population  was  exanded  by  2- 
fold  in  MECs  of  WT  mice  fed  SPI  relative  to  the  CAS  group, 
which  is  likely  beneficial  for  mammary  gland  development  and 
tissue  homeostasis  (Figure  3B).Our  findings  provide  the  first 
report  of  dietary  effects  on  the  SC  population  in  MECs  in  vivo.  The 
possibility  that  diet  can  influence  tumor  progression  at  the  level  of 
the  SC  population  suggests  the  important  contribution  of  nutrition  to  the  etiology  of  breast  cancer 
and  to  the  early  management  of  breast  health.  In  future  experiments,  I  will  quantify  cancer  stem 
cells  (CD24+Thyl.l+)  within  the  stem  cell  population  (CD29hlCD24hl)  and  address  the 
mechanisms  for  dietary  regulation  of  stem  cells  by  performing  gene  expression  profiling  of  stem 
cells  isolated  from  CAS  and  SPI-fed  mice.  We  will  also  confirm  the  sternness  of  stem  cells  by  in 
vivo  transplantation  assay. 


°  CAS  SPI 

Figure  2.  Tumor  growth 
represents  the  percentage  change 
in  tumor  volume  during  2  weeks 
after  initial  detection.  No 
significant  changes  in  tumor 
growth  rate  were  observed  for 
tumors  detected  in  Wnt-Tg  mice 
fed  CAS  (n=  16)  compared  to  SPI 
(n=10). 


A.  Wnt  Tg  Mice 


B.  WT  Mice 

1  I — J  CAS 
■ - 1  SPI  * 


Figure  3  (left).  FACS 
analysis  of  MECs  in 
preneoplastic  mammary 
glands  of  Wnt-Tg  mice  (A) 
or  adult  WT  mice  (B)  using 
mouse  mammary  stem  cell 
markers  (CD24  and  CD29) 
in  the  lineage  negative 
population  (CD45', 

TER  119',  and  CD3T).  *  = 
P<0.05  relative  to  CAS 
diet.  Data  shown  is  at  least 
from  3  independent 
experiments  (n=5-7  mice 
per  experiment,  per  diet). 


STATISTICAL  METHODS 

Data  shown  for  dietary  regulation  of  mouse  stem  cell  markers  (CD29  and  CD24)  by  FACS 
analysis  of  MECs  from  pre-malignant  (non-tumor)  mammary  tissue  of  Wnt-Tg  and  WT  mice 
represents  the  average  of  at  least  three  independent  experiments,  with  MECs  pooled  from  5-7 
mice  per  experiment,  per  diet  (CAS  or  SPI).  Data  is  presented  as  mean  +  standard  error  of  the 


6 


mean  (SEM)  for  each  subpopulation  analyzed.  Statistical  analysis  was  performed  using 
SigmaStat  software  package  version  3.2  (SPSS,  Chicago,  IL).  Statistical  significance  between 
the  treatment  diet  groups,  based  on  P  values  <  0.05,  was  determined  using  one-way  ANOVA 
followed  by  Tukey’s  post  hoc  analysis.  For  mammary  tumor  incidence,  up  to  30  mice/dietary 
group  were  used  to  allow  a  significant  minimum  decrease  of  ~20%  to  be  detected  with  80% 
power  using  the  one-sided  alpha  level  Chi-square  test. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Demonstrated  that  early  (prepubertal)  lifetime  intake  of  soy  foods  protects  against 
spontaneous  mammary  tumor  formation  in  a  mouse  model  of  breast  cancer  relevant  to 
human  disease  (Wnt-1  overexpressing  mice),  suggesting  a  key  role  for  early  nutritional 
regimens  in  the  prevention  of  adult-onset  breast  cancer. 

•  Provided  the  first  in  vivo  evidence,  to  our  knowledge,  for  dietary  regulation  of  mammary 
stem  cells  and  its  direct  association  to  breast  cancer  prevention. 

SIGNIFICANCE 

The  data  generated  from  this  Department  of  Defense  (DOD)-funded  study  has  important 
implications  for  children  bom  with  predisposition  to  breast  cancer  and  could  help  design  better 
dietary  guidelines  early  in  life.  Based  on  extensive  evidence  supporting  a  role  for  cancer  stem 
cells  in  breast  cancer  initiation,  recurrence,  and  metastasis,  our  findings  on  dietary  regulation  of 
stem  cells  in  an  oncogenic  environment  such  as  overexpression  of  Wnt-1  oncogene  have  two 
main  important  implications:  1)  it  confirms  recent  human  studies  demonstrating  that 
consumption  of  soy-containing  whole  foods  is  safe  (if  not  protective)  for  breast  cancer  survivors 
(10);  and  2)  it  suggests  that  dietary  regulation  of  mammary  stem  cell  population  can  help  prevent 
adult  onset  of  breast  cancer  by  adopting  certain  dietary  regimens  early  in  life  and  explain  the 
disparity  in  breast  cancer  incidence  among  Asian  women  and  their  Western  counterparts. 

REPORTABLE  OUTCOMES 

•  Poster  Discussion  -  Selected  Abstract  at  the  33rd  Annual  San  Antonio  Breast  Cancer 
Symposium,  December  8-12,  2010,  San  Antonio,  Texas. 

•  Feature  -  2010  Annual  Report  of  the  Arkansas  Children’s  Hospital  Research  Institute, 
Research  is  Key. 

•  President’s  Choice  -  Publication  of  the  Month,  September  2010,  Arkansas  Children’s 
Hospital  Research  Institute. 

•  First  Place-  Senior  Division,  Interdisciplinary  Biomedical  Sciences  Research  Symposium 
2010,  University  of  Arkansas  for  Medical  Sciences. 

•  Achievement  Award  -  University  of  Arkansas  for  Medical  Sciences  Graduate  School. 

•  First  author  publication  in  Carcinogenesis  journal  (3)  describing  the  linear  pathway  by 
which  a  GEN-mediated  increase  in  PTEN  expression  and  nuclear  localization  initiates  an 
autoregulatory  loop  involving  PTEN-dependent  increases  in  p53  nuclear  localization, 
PTEN/p53  physical  association,  PTEN/p53  co-recruitment  to  the  PTEN  promoter  region, 
and  p53  transactivation  of  PTEN  promoter  activity. 
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CONCLUSION 

Our  group  has  identified  the  up-regulation  of  the  tumor  suppressor  PTEN  and  the  inhibition  of 
Wnt-signaling  pathway  as  mechanisms  underlying  the  breast  cancer  preventive  effects  of  soy 
foods  (2-5).  In  order  to  further  explore  the  linkage  between  these  novel  mechanisms  of  breast 
cancer  prevention/protection,  I  examined  the  exciting  hypothesis  that  dietary  regulation  of  the 
tumor  suppressor  PTEN  can  directly  or  indirectly  alter  the  progenitor/stem  cell  population  in  the 
mammary  gland  to  confer  resistance  against  breast  cancer.  My  study  is  highly  relevant  to  our 
goal  of  furthering  current  understanding  of  the  etiology  of  breast  cancer  given  extensive 
evidence  for  the  cancer  stem  cell  hypothesis  which  suggests  that  mammary  cancer  stem  cells  are 
not  only  the  origin  of  breast  cancer  but  also  the  cause  of  recurrence  and  death  due  to  metastasis 
in  affected  patients.  My  studies  elucidating  the  mechanisms  for  early  prevention  of  breast  cancer 
by  diet/dietary  factors  have  great  potential  to  significantly  influence  public  health  policies  to 
alleviate  the  increasing  economic,  financial,  and  emotional  burdens  of  breast  cancer  and  other 
diseases  caused  by  poor  nutrition. 
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APPENDIX  1  :  Carcinogenesis  journal  article  (2010)  (added  at  the  end  of  the  report) 

APPENDIX  2-  Abstract  accepted  for  Poster  Discussion  at  the  SABCS  (2010) 

Regulation  of  Mammary  Stem  Cell  Population  with  Dietary  Intake  of  Soy  Protein  Isolate  Reveals 
Novel  Mechanisms  for  Diet-Mediated  Control  of  Mammary  Tumorigenesis. 

Rahal  O,  Pabona  JMP,  Su  Y,  Fox  SR,  Hennings  L,  Rogers  T,  Nagarajan  S,  Simmen  RCM.  Arkansas 
Children ’s  Nutrition  Center  and  University  of  Arkansas  for  Medical  Sciences,  Little  Rock,  AR 

Breast  cancer  risk  is  highly  modified  by  environmental  factors  including  diet.  Previously,  we  showed  that 
dietary  intake  of  soy  protein  isolate  (SPI)  decreased  mammary  tumor  incidence  and  increased  mammary 
tumor  latency  in  rats  relative  to  those  fed  a  control  casein  (CAS)  diet,  when  exposed  to  the  chemical 
carcinogen  NMU.  Mammary  tumor  preventive  effects  by  SPI  were  associated  with  up-regulation  of  the 
tumor  suppressor  PTEN  and  down-regulation  of  the  oncogenic  Wnt-signaling  components  in  mammary 
epithelial  cells  (MECs)  leading  to  enhanced  differentiation.  Given  that  breast  cancer  is  considered  to  be 
initiated  by  stem  cells  (SCs)  with  tumorigenic  potential,  termed  cancer  stem  cells  (CSCs),  and  mammary 
over-expression  of  Wnt-1  in  mice  causes  spontaneous  breast  tumors  due  to  the  expansion  of  mammary 
CSCs,  we  hypothesized  that  diet  may  alter  the  mammary  SC  population  to  effect  mammary  tumor 
prevention.  Here,  we  investigated  SPI  effects  relative  to  CAS,  on  mammary  tumor  development  in 
MMTV-Wnt  1 -Transgenic  (Tg)  female  mice  and  on  the  mammary  SC  population  in  virgin  wildtype  (WT) 
and  pre-neoplastic  Tg  female  mice.  Tumor  incidence  at  8  months  of  age  of  Tg  mice  fed  SPI  (n=30)  post- 
weaning  was  lower  than  in  those  fed  CAS  (48.3%  vs. 73. 5%;  p<0.05)  (n=34).  Interestingly,  tumor  latency 
in  SPI-fed  Tg  mice  was  shorter  than  for  the  CAS-fed  group  (4.65  vs.  5.88  months;  P<0.05).  Tumor 
weight  and  growth  rate  was  similar  for  the  diet  groups.  To  evaluate  SPI  effects  relative  to  CAS,  on 
mammary  SC  population,  epithelial  cells  from  mammary  tissues  were  isolated  from  WT  (PND  100)  and 
Tg  (PND75)  mice.  The  percentage  of  mammary  SCs  was  quantified  by  fluorescence  activated  cell  sorting 
analysis  of  MECs  based  on  their  expression  of  mouse  mammary  SC  markers  (CD29  and  CD24)  within 
the  Lineage  negative  (Lin  )  population  (CD45‘,  TER119',  CD31).  The  Lin'CD29hlCD24hl  subpopulation 
in  MECs  was  decreased  by  50%  in  Tg  mice  fed  SPI  post-weaning  relative  to  those  fed  CAS,  decreasing 
the  likelihood  of  mutations  that  convert  normal  to  cancer  SC  and  could  explain  the  protective  effects  of 
SPI  on  tumor  incidence.  Interestingly,  the  SC  population  was  expanded  by  2-fold  in  MECs  of  WT  mice 
fed  SPI  relative  to  the  CAS  group,  which  could  be  beneficial  for  mammary  gland  development  and  tissue 
homeostasis.  Our  findings  provide  the  first  report  of  dietary  effects  on  the  SC  population  in  MECs  in  vivo. 
The  dichotomy  of  SPI  effects  on  tumor  outcome  in  mammary  tissues  with  dysregulated  Wnt  signaling 
maybe  related  to  the  loss  of  the  complex  regulatory  grid  between  PTEN  and  Wnt/[3-catenin  pathways, 
both  of  which  control  stem  cell  fate.  The  possibility  that  diet  can  influence  tumor  progression  at  the  level 
of  the  SC  population  suggests  the  important  contribution  of  nutrition  to  the  etiology  of  breast  cancer  and 
to  the  early  management  of  breast  health.  Supported  by  USD  A-  ARS  and  Department  of  Defense  Breast 
Cancer  Research  Program. 
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The  tumor  suppressors  phosphatase  and  tensin  homologue  deleted 
on  chromosome  ten  (PTEN)  and  p53  are  closely  related  to  the 
pathogenesis  of  breast  cancer,  yet  pathway-specific  mechanisms 
underlying  their  participation  in  mediating  the  protective  actions 
of  dietary  bioactive  components  on  breast  cancer  risk  are  poorly 
understood.  We  recently  showed  that  dietary  exposure  to  the  soy 
isoflavone  genistein  (GEN)  induced  PTEN  expression  in  mam¬ 
mary  epithelial  cells  in  vivo  and  in  vitro ,  consistent  with  the  breast 
cancer  preventive  effects  of  soy  food  consumption.  Here,  we  eval¬ 
uated  PTEN  and  p53  functional  interactions  in  the  nuclear  com¬ 
partment  of  mammary  epithelial  cells  as  a  mechanism  for 
mammary  tumor  protection  by  GEN.  Using  the  non-tumorigenic 
human  mammary  epithelial  cells  MCF10-A,  we  demonstrate  that 
GEN  increased  PTEN  expression  and  nuclear  localization.  We 
show  that  increased  nuclear  PTEN  levels  initiated  an  autoregula- 
tory  loop  involving  PTEN-dependent  increases  in  p53  nuclear 
localization,  PTEN-p53  physical  association,  PTEN-p53  co¬ 
recruitment  to  the  PTEN  promoter  region  and  p53  transactiva¬ 
tion  of  PTEN  promoter  activity.  The  PTEN-p53  cross  talk 
induced  by  GEN  resulted  in  increased  cell  cycle  arrest;  decreased 
pro-proliferative  cyclin  D1  and  pleiotrophin  gene  expression  and 
the  early  formation  of  mammary  acini,  indicative  of  GEN  pro¬ 
motion  of  lobuloalveolar  differentiation.  Our  findings  provide 
support  to  GEN-induced  PTEN  as  both  a  target  and  regulator 
of  p53  action  and  offer  a  mechanistic  basis  for  PTEN  pathway 
activation  to  underlie  the  antitumor  properties  of  dietary  factors, 
with  important  implications  for  reducing  breast  cancer  risk. 


Introduction 

Breast  cancer  is  the  most  common  malignancy  among  women  in  the 
Western  world,  affecting  one  of  eight  in  their  lifetime  and  resulting 
in  ~50  000  deaths  in  the  USA  annually  (1).  Accumulations  of  epige¬ 
netic  and  genetic  alterations  within  mammary  epithelial  cells  (MECs) 
are  the  triggering  events  for  breast  cancer  initiation  and  tumor  cell 
expansion  (2).  Prevailing  evidence  suggests  that  breast  cancer  devel¬ 
opment  can  be  influenced  by  nutrition  (3).  Epidemiological  and  case- 
control  studies  have  shown  a  2-  to  8 -fold  lower  occurrence  of  the 
disease  in  Asian  women  whose  early  intake  of  soy  products  is 
10-20  times  higher  than  their  American  counterparts  (4,5).  Several 
human,  animal  and  in  vitro  studies  concur  that  early  exposure  (pre¬ 
pubertal)  to  soy  foods  and  associated  components  is  correlated  with 
reduced  risk  of  adult  breast  cancer  (6,7).  Among  the  soy  products,  the 
isoflavone  genistein  (GEN)  has  been  identified  as  an  important  com¬ 
ponent  that  may  confer  protection  against  breast  tumors  (8-10). 

Abbreviations:  CAS,  casein;  EGF,  epidermal  growth  factor;  ER,  estrogen 
receptor;  GEN,  genistein;  MEC,  mammary  epithelial  cells;  PI3K,  phosphati- 
dylinositol  3-kinase;  PTEN,  phosphatase  and  tensin  homologue  deleted  on 
chromosome  ten;  PCR,  polymerase  chain  reaction;  QPCR,  quantitative  real¬ 
time  polymerase  chain  reaction;  scRNA,  scrambled  RNA;  siRNA,  small 
interfering  RNA;  SPI,  soy  protein  isolate. 


Previously,  we  (1 1,12)  and  others  (9,13)  showed  that  dietary  intake 
of  soy  protein  isolate  (SPI)  and  control  casein  (CAS)  supplemented 
with  GEN  decreased  mammary  tumor  incidence  and/or  increased 
tumor  latency  in  rats  fed  these  diets  relative  to  those  fed  CAS,  when 
exposed  to  the  chemical  carcinogens  N-methyl-N-nitrosourea  or  7,12- 
dimethyl-benz [a] anthracene.  In  our  studies,  breast  cancer  protective 
effects  were  associated  with  the  downregulation  of  the  oncogenic 
Wnt-signaling  pathway  and  the  upregulation  of  the  phosphatase  and 
tensin  homologue  deleted  on  chromosome  ten  ( PTEN)  expression  in 
the  mammary  gland  by  SPI  and  GEN,  relative  to  CAS,  coincident 
with  enhanced  MEC  differentiation  (14,15).  Given  that  these  same 
diets  altered  several  biological  and  molecular  pathways  in  MECs 
in  vivo  (14),  additional  pathways  probably  underlie  their  mammary 
tumor  protective  effects. 

Next  to  p53,  PTEN  is  the  most  common  tumor  suppressor  to  be  lost 
or  inactivated  in  human  cancers,  including  breast  cancer  (16,17).  The 
PTEN  gene  encodes  a  dual  specificity  (lipid  and  protein)  phosphatase 
that  antagonizes  phosphatidylinositol  3 -kinase  (PI3K),  preventing 
activation  of  the  pro- survival  protein  kinase  B/Akt  downstream  path¬ 
way  (18).  A  role  for  PTEN  in  mammary  gland  development  and 
tumorigenesis  is  supported  by  reduced  cellular  proliferation  and  in¬ 
creased  apoptosis  in  the  mammary  glands  of  mice  overexpressing 
PTEN  (19).  Further,  Cowden  syndrome  patients  harboring  germ  line 
mutations  at  the  PTEN  locus  are  at  high  risk  of  breast  cancer  and 
although  somatic  mutations  of  PTEN  are  found  in  a  small  fraction 
of  breast  cancers  (20,21),  loss  of  heterozygosity  at  the  PTEN  locus 
(10q23)  occurs  frequently  (22).  Additional  studies  linking  breast  car¬ 
cinoma  status  with  PTEN  expression  include  those  demonstrating  the 
predictive  value  of  reduced  PTEN  in  the  relapse  of  tamoxifen-treated 
estrogen  receptor  (ER)-a-positive  breast  cancer  patients  (23)  and  the 
prognostic  significance  of  the  gene  expression  signature  of  PI3K/Akt 
activation  due  to  PTEN  loss  on  metastasis  and  poor  survival  (24). 

One  mechanism  by  which  PTEN  may  protect  against  mammary 
tumors  is  by  its  interaction  with  the  tumor  suppressor  p53.  PTEN 
transcription  can  be  enhanced  by  p53  (25),  in  turn,  PTEN  regulates 
p53  protein  stability  in  two  ways:  in  a  phosphatase-dependent  manner, 
by  inhibiting  PI3K/Akt-induction  of  Mdm2  nuclear  translocation  and 
in  a  phosphatase-independent  manner  through  its  physical  interaction 
with  p53  (26).  Perhaps,  the  most  convincing  evidence  supporting 
complementary  functions  of  PTEN  and  p53  in  tumorigenesis  is  the 
unexpected  observation  that  PTEN  is  oncogenic  in  the  presence  of 
a  mutant  p53  protein  (27). 

In  this  study,  we  explored  a  novel  mechanism  of  breast  cancer 
prevention  by  GEN  involving  PTEN  and  p53.  Using  the  non- 
malignant  human  mammary  epithelial  cell  line  MCF-10A,  we  show 
that  GEN  at  physiologically  relevant  concentrations  induced  PTEN 
expression  and  PTEN  and  p53  nuclear  accumulation.  We  demonstrate 
that  GEN  increased  nuclear  PTEN  expression  through  an  autoregula- 
tory  loop  whereby  PTEN’s  increased  interaction  with  nuclear  p53 
enhanced  PTEN  promoter  activity.  Further,  we  establish  that  a  func¬ 
tional  consequence  of  augmented  nuclear  PTEN  signaling  by  GEN 
was  the  promotion  of  cell  cycle  arrest  and  the  stimulation  of  early 
lobuloalveolar  differentiation.  Our  results  point  to  PTEN  as  both  a  tar¬ 
get  and  regulator  of  p53  action  in  normal  MECs  for  mammary  tumor 
prevention  by  the  isoflavone  GEN. 


Materials  and  methods 

Animals,  diets  and  MEC  isolation 

Animal  protocols  were  approved  by  the  Institutional  Animal  Care  and  Use 
Committee  at  the  University  of  Arkansas  for  Medical  Sciences.  Time-mated 
Sprague-Dawley  rats  (Charles  River  Laboratories,  Wilmington,  MA)  were 
individually  housed  in  polycarbonate  cages  under  conditions  of  24°C,  40% 
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humidity  and  a  12  h  light-dark  cycle.  At  gestation  day  4,  dams  were  randomly 
assigned  to  one  of  two  semi-purified  isocaloric  diets  made  according  to  the 
American  Institute  of  Nutrition-93  G  formulation  (28),  with  corn  oil  substitut¬ 
ing  for  soybean  oil.  These  diets  are:  (i)  CAS  diet,  containing  casein 
(New  Zealand  Milk  Products,  Santa  Rosa,  CA)  as  the  only  protein  source 
and  (ii)  SPI  diet  containing  soy  protein  isolate  (Solae,  St  Louis,  MO)  with 
isoflavones  GEN  (216  ±  2  mg/kg)  and  daidzein  (160  ±  6  mg/kg)  as  aglycone 
equivalents.  Female  pups  were  weaned  to  the  same  diets  as  their  dams  until 
isolation  of  MECs  at  postnatal  day  50.  Mammary  gland  pair  #3  was  processed 
for  MEC  isolation  following  protocols  described  by  Dr  Jeffrey  Rosen’s 
laboratory  (http://www.bcm.edu/rosenlab/protocols/primaryMEC.pdf;  Baylor 
College  of  Medicine,  Houston,  TX). 

Cell  culture  and  treatments 

The  human  non-tumorigenic  mammary  epithelial  cell  line,  MCF-10A 
(American  Type  Culture  Collection,  Manassas,  VA),  was  propagated  as  de¬ 
scribed  (29).  Phenol  red-free  media  supplemented  with  charcoal-stripped  fetal 
bovine  serum  was  used  for  serum  starvation  (0.5%  charcoal-stripped  fetal 
bovine  serum)  and  for  treatments  (2.5%  charcoal- stripped  fetal  bovine  serum) 
with  GEN  (Sigma  Chemical  Co.,  St  Louis,  MO)  or  vehicle  (dimethyl  sulfox¬ 
ide).  For  small  interfacing  RNA  (siRNA)  targeting  studies,  cells  were  grown  to 
30-50%  confluency  prior  to  transfecting  with  PTEN  siGENOME  SMART  pool 
or  siCONTROL  Non-targeting  siRNA  pool  (Dharmacon,  Lafayette,  CO)  using 
Lipofectamine  2000  (Invitrogen,  Carlsbad,  CA),  following  the  manufacturer’s 
protocol. 

Quantitative  real-time  polymerase  chain  reaction 

Total  RNA  was  isolated  from  cells  using  Trizol  reagent  (Invitrogen),  quantified 
and  reverse  transcribed  to  complementary  DNA  as  described  (14).  SYBR 
Green  detection  system  (Applied  Biosystems,  Foster  City,  CA)  was  used  for 
quantitative  real-time  polymerase  chain  reaction  (QPCR).  Human  primer  se¬ 
quences  and  corresponding  genes  were  [gene,  forward  and  reverse  primer; 
amplicon  size  (bp)]:  PTEN  (5 ' -GCTATGGGATTTCCTGCAGAA-3 '  and  5'- 
GGCGGTGTCATAATGTCTTTCA-3 ' ;  138),  p53  (5 '  -GGCGCACAGAGGA 
AG  AG  A  AT- 3'  and  5 '  -GGAGAGGAGCTGGTGTTGTTG-3 ' ;  103),  18S  (5'-T 
CTTAGCTGAGTGTCCCGCG-3 '  and  5 '  -ATCATGGCCTCAGTTCCGA-3 ' ; 
151),  pleiotrophin  (5 ' -TGCCAGAAGACTGTCACCATCT-3 '  and  5-TCCT 
GTTTCTTGCCTTCCTTTT-3 ' ;  101)  and  cyclinDl  (5 '  -AATGACCCCGCAC 
GATTTC-3'  and  5 '  -ATGGAGGGCGGATTGGAA-3 ' ;  144).  Rat  primers  used 
were:  PTEN  (5 '  -CAATGTTCAGTGGCGGAACTT-3 '  and  5-GGCAA 
TGGCTGAGGGAACT-3 ' ;  133)  and  18S  (5 '  -ATTCGAACGTCTGCCCTAT- 
CAA-3 '  and  5 '  -CGGGAGTGGGTAATTTGCG-3 ' ;  151).  18S  ribosomal  RNA 
was  used  as  a  normalizing  control  and  data  are  expressed  as  means  ±  SEM 
relative  to  control  (vehicle). 

Immunoprecipitation  and  immunoblotting 

Immunoprecipitation  was  performed  in  whole  cell  lysates  using  the  Catch  and 
Release  Immunoprecipitation  System  following  the  manufacturer’s  instruc¬ 
tions  (Upstate  Biotechnology,  Lake  Placid,  NY).  Briefly,  500  pg  of  cell  lysate 
were  incubated  with  2  pg  of  PTEN  antibody  (A2B 1 ;  Santa  Cruz,  Santa  Cruz 
Biotechnology,  CA),  p53  antibody  (Cell  Signaling  Technology,  Danvers,  MA) 
or  control  IgG  (Santa  Cruz)  and  1  pg  of  Antibody  Capture  Affinity  Ligand  on 
a  rocking  platform  overnight  at  4°C.  Eluted  proteins  were  analyzed  by  western 
blot  using  anti-PTEN  (A2B1)  and  anti-p53  (Cell  Signaling  Technology)  anti¬ 
bodies  as  described  (30). 

Immunofluorescence 

Cells  were  seeded  on  sterile  22  mm  glass  cover  slides  placed  on  a  six-well 
plate  and  allowed  to  attach  overnight.  Cells  were  treated  twice  with  GEN 
(40  nM  or  2  pM,  as  indicated  for  each  study)  at  t  =  0  and  24  h,  fixed  and 
permeabilized  in  ice-cold  methanol  for  10  min.  Immunofluorescence  was  done 
using  the  Vectastain  elite  ABC  kit  (Vector  Laboratory,  Burlingame,  CA)  as 
described  (30).  Antibodies  used  were:  PTEN  (1:200);  phospho-PTEN  (Ser 
380)  (1:200;  Cell  Signaling  Technology)  and  p53  (1:500).  Cells  were  mounted 
with  Vectashield  Mounting  Medium  with  4',6-diamidino-2-phenylindole  (nu¬ 
clear  stain)  and  analyzed  for  immunofluorescence  under  a  Carl  Zeiss  Axiovi- 
sion  microscope  (Carl  Zeiss  AG,  Oberkochen,  Germany).  At  least  500  cells 
were  counted  from  five  random  areas  per  slide  (x20  objective),  with  three 
slides  for  each  treatment  group. 

Cell  proliferation  assay 

Cell  proliferation  was  evaluated  using  the  3-(4,5-dimethylthiazole-2-yl)- 
2, 5-biphenyl  tetrazolium  bromide  assay  following  the  manufacturer’s 
protocol  (American  Type  Culture  Collection).  Cells  were  seeded  in  96- 
well  plates  and  treated  with  GEN  (2  pM)  or  vehicle  (dimethyl  sulfoxide) 
every  2  days  for  6  days.  Absorbance  values  (570  nm)  reflect  the  ability 
of  metabolically  active  cells  to  reduce  the  yellow  tetrazolium  3-(4,5- 


dimethylthiazole-2-yl)-2, 5-biphenyl  tetrazolium  bromide  salts  into  a  purple 
precipitate. 

Transient  transfection  and  luciferase  assays 

The  PTEN-luc  reporter  construct,  human  PTEN  in  pGL3b  vector,  was  a  gift 
from  Dr  Eileen  D. Adamson  [The  Burnham  Institute,  La  Jolla,  CA  (31)].  Cells 
were  transfected  using  Lipofectamine  2000  (Invitrogen)  with  PTEN-luc  re¬ 
porter  plasmid  or  empty  (pGL3b)  vector  (each  added  at  0.2  pg/well)  as  de¬ 
scribed  (32).  After  treatment  with  vehicle  with  and  without  added  GEN  (2  pM) 
post-transfection  using  either  scrambled  RNA  (scRNA)  or  PTEN  siRNAs 
(50  nM),  cells  were  lysed  in  lysis  buffer  (Promega,  Madison,  WI),  and  quan¬ 
titative  determination  of  luciferase  activity  was  carried  out  using  a  MLX 
Microplate  Luminometer  (Dynex  Technologies,  Chantilly,  VA).  Renilla  luciferase 
(8  ng/well)  activity  was  used  as  an  internal  control  for  transfection  efficiency 
among  cells  and  was  measured  using  a  Dual-Luciferase  Reporter  Assay  Sys¬ 
tem  (Promega).  Luciferase  activity  was  normalized  to  Renilla  luciferase  for 
each  sample.  Data  are  presented  as  means  ±  SEMs  from  three  independent 
experiments  performed  in  triplicate. 

Chromatin  immunoprecipitation  assays 

Cells  were  treated  similarly  as  for  the  immunoprecipitation  studies  (above)  and 
then  processed  for  chromatin  immunoprecipitation  using  the  ChIP-IT  Express 
Enzymatic  Kit,  following  the  manufacturer’s  recommendations  (Active  Motif, 
Carlsbad,  CA).  Polymerase  chain  reaction  (PCR)  with  primers  spanning  the 
p53  binding  sites  on  the  PTEN  promoter  (33)  (forward,  5 '  -C AAAAGCCG- 
CAGCAAGTG-3 '  and  reverse,  5 '  -GAGCGCAGAGTCCCCAAG-3 ' ;  115  bp) 
was  carried  out  under  the  following  conditions:  hot  start  at  94°C  for  5  min  and 
then  35  cycles  of  94°C  for  30  s,  60°C  for  30  s  and  72°C  for  30  s  with  final 
extension  at  72°C  for  10  min.  PCR  products  were  resolved  on  a  3%  agarose  gel 
containing  ethidium  bromide. 

Fluorescence-activated  cell  sorting 

For  each  group,  at  least  10  000  cells  were  stained  with  propidium  iodide  and 
analyzed  with  a  Becton  Dickinson  FACSCalibur.  The  proportion  of  cells  in 
sub-Gi/Go,  Gi/G0,  S  and  G2/M  phases  were  determined  with  the  Cell  Quest 
software  program  (BD  Biosciences,  San  Jose,  CA). 

Acini  morphogenesis  assay  and  image  acquisition 

MCF-10A  cells  were  seeded  on  a  layer  of  Matrigel  (BD  Biosciences)  in  eight- 
well  chamber  slides  and  allowed  to  form  acini  as  described  (29).  Culture  me¬ 
dium  containing  2%  charcoal-stripped  horse  semm  and  5  ng/ml  epidermal 
growth  factor  (EGF)  without  (vehicle  alone)  or  with  added  GEN  (2  pM)  was 
refreshed  every  4  days.  Acini  number  and  diameter  were  assessed  at  days  6  and 
12  of  culture  using  a  phase  contrast  microscope  (Carl  Zeiss)  (x20  objective). 
Indirect  immunofluorescence  of  acinar  structures  was  performed  as  described 
(29).  The  primary  antibodies  used  were  PTEN  (1:200)  and  p53  (1:200).  Confocal 
images  were  collected  on  a  Zeiss  LSM510  confocal  microscope  ( x  20  objective). 

Data  analysis 

Statistical  analyses  was  done  using  StatView  version  5.0  for  Windows.  Data 
were  analyzed  using  Student’s  f-test,  one-way  analysis  of  variance  or  two-way 
analysis  of  variance.  Differences  between  means  in  two-way  analysis  of  var¬ 
iance  were  further  analyzed  by  Tukey’s  test.  P  values  <0.05  were  considered 
statistically  significant. 


Results 

Expression  of  PTEN  in  MECs 

We  previously  showed  that  prepubertal  dietary  exposure  to  SPI,  the 
main  component  of  infant  soy  formulas,  and  to  CAS  diet  supple¬ 
mented  with  the  major  soy  isoflavone  GEN  protected  against 
NMU-induced  mammary  tumors  in  rats,  relative  to  the  CAS  group 
(11,12).  Second  to  p53,  PTEN  is  the  most  common  tumor  suppressor 
mutated  or  inactivated  in  human  cancers  including  breast  cancer  (17). 
PTEN  expression  was  assessed  in  MECs  isolated  from  young  adult 
rats  at  postnatal  day  50  after  lifetime  exposure  to  CAS  or  SPI,  by 
QPCR.  Transcript  levels  of  PTEN  were  increased  in  MECs  of  rats  fed 
SPI  relative  to  CAS  (Figure  la,  left).  To  mechanistically  dissect  the 
functional  implications  of  increased  expression  of  PTEN  in  MECs 
in  vivo ,  the  effects  of  GEN  were  evaluated  in  the  non-tumorigenic 
human  mammary  epithelial  cell  line,  MCF-10A  in  vitro.  The  dose  of 
2  pM  GEN  is  within  the  concentration  range  found  in  plasma 
of  infants  fed  soy-based  formulas  (34)  and  of  the  Asian  population 
with  continuous  exposure  to  GEN  from  daily  soy  consumption  (35). 
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Fig.  1.  GEN  induces  nuclear  accumulation  of  PTEN  and  p53  in  MECs.  (a)  ‘Left’ ,  transcript  levels  of  PTEN  in  MECs  from  rats  fed  CAS  or  SPI  analyzed  by  QPCR. 
Values  are  means  ±  SEMs;  n  =  4  rats  per  diet  group  (*P  <  0.05  relative  to  CAS).  ‘Right’,  elevated  PTEN  gene  expression  after  GEN  (2  pM)  treatment  of 
non-malignant  MCF-10A  cells  is  due  to  increased  transcription.  Transcript  levels  were  quantified  by  QPCR  and  normalized  to  18S  rRNA.  Means  with  different 
letters  differed  at  P  <  0.05;  *P  <  0.05  relative  to  absence  of  actinomycin-D  (Act-D;  1  pg/ml)  within  each  treatment  group,  (b)  Western  blot  analysis  of 
whole  cell  extracts  from  cells  treated  with  GEN  (40  nM  and  2  pM).  PTEN  protein  levels  were  compared  with  control  (vehicle).  Each  lane  represents  an  individual 
treatment  sample  and  contains  50  pg  of  total  protein.  Immunoreactive  bands  were  quantified  by  densitometric  scanning  and  values  normalized  to  those  of  loading 
control  |3-actin  and  are  presented  as  histograms  (right  panel),  (c  and  d)  GEN  increases  the  number  of  nuclear  PTEN  (red)  and  p53  (green)-positive  MCF-10A  cells, 
while  decreasing  nuclear  accumulation  of  inactive  Phospho-PTEN  (Ser  380).  Merge  shows  nuclear  localization  (4/,6-diamidino-2-phenylindole;  blue); 
representative  images  for  each  group  are  shown  from  three  independent  experiments.  Bar,  50  pM;  *P  <  0.05  relative  to  control. 


In  addition,  this  dose  is  within  the  range  found  in  the  plasma  of  rats 
fed  a  lifetime  diet  containing  SPI  or  GEN  (36).  MCF-10A,  similar  to 
normal  human  breast  epithelial  cells,  are  ER-negative  (37)  and  unlike 
the  tumorigenic  mammary  epithelial  cell  line  MCF-7,  do  not  undergo 
apoptosis  with  GEN  treatment  (15).  MCF-10A  treated  with  GEN  for 
6  h  had  higher  transcript  levels  of  PTEN  compared  with  control 


(vehicle-treated)  cells  (Figure  la,  right).  GEN  induction  of  PTEN 
transcript  levels  was  blocked  by  the  transcriptional  inhibitor  actino- 
mycin  D  (1  pg/ml)  added  1  h  prior  to  GEN  treatment.  Thus,  induction 
of  PTEN  expression  by  dietary  SPI  in  vivo  was  recapitulated  by  GEN 
in  vitro  and  results  in  part,  from  transcriptional  regulation  of  the 
PTEN  gene. 
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GEN  increases  nuclear  levels  of  PTEN  and  p53  in  MCF-10A  cells 
PTEN  function  can  be  regulated  by  its  subcellular  localization,  with 
normal  cells  preferentially  showing  nuclear  PTEN  localization  (38). 
To  determine  the  major  site  of  action  of  GEN-induced  PTEN  in  MCF- 
10A  cells,  PTEN  protein  levels  were  assessed  by  western  analysis  and 
immunofluorescence,  in  cells  treated  with  GEN  twice  (at  t  =  0  and 
24  h;  sample  collection  at  24  h  after  last  treatment)  at  40  nM  and  2  pM 
concentrations.  We  considered  the  lower  dose  of  GEN  to  correspond 
to  the  serum  concentrations  of  occasional  soy  consumers.  PTEN 
protein  levels  were  increased  by  3 -fold  in  whole  extracts  of  cells 
treated  with  either  dose  of  GEN,  when  compared  with  control 
cells  (Figure  lb).  Immunofluorescence  demonstrated  that  GEN- 
treated  cells  had  increased  accumulation  (by  6-fold)  of  nuclear  PTEN 
(Figure  lc).  The  nuclear-localized  PTEN  is  predominantly  in  the 
active  form  since  parallel  immunofluorescence  using  a  specific  anti¬ 
body  against  inactive,  phosphorylated-PTEN  (P-PTEN  S3 80)  re¬ 
vealed  significantly  decreased  levels  of  this  protein  with  GEN 
treatment  at  either  dose  (Figure  lc).  Interestingly,  nuclear  accumula¬ 
tion  of  p53  protein  was  significantly  enhanced  (by  5 -fold)  similar  to 
PTEN,  with  GEN  treatment  (Figure  Id). 

GEN  increases  nuclear  colocalization  and  physical  interaction  of 
PTEN  and  p53  in  vivo 

p53  protein  levels  are  reduced  in  PTEN-null  cells  and  tissues,  and 
reintroduction  of  wild-type  or  phosphatase-dead  PTEN  protein  stabil¬ 
izes  p53  protein  levels  (26).  To  ascertain  whether  GEN-induced  nu¬ 
clear  p53  levels  are  dependent  on  the  nuclear  levels  of  PTEN  similarly 
elevated  by  GEN,  cells  were  transfected  with  50  nM  of  PTEN  siRNA 
or  scrambled  (non-specific)  scRNA,  prior  to  vehicle  or  GEN  (2  pM) 
treatment  and  then  processed  for  dual  immunofluorescence.  Transient 
knockdown  of  PTEN  by  siRNA  abolished  basal  and  GEN-induced 
PTEN  protein  levels  as  shown  in  western  blot,  without  any  effect 
on  loading  control  protein  (Figure  2a).  A  dual  immunofluorescence 
colocalization  assay  was  performed  to  assess  potential  interactions 
between  PTEN  and  p53  based  on  spatial  localization.  GEN  treatment 
increased  nuclear  localization  of  PTEN  and  p53  in  scRNA-transfected 
cells  (Figure  2b).  Treatment  with  GEN  also  resulted  in  increased 
nuclear  colocalization  of  p53  and  PTEN  (Figure  2b;  scRNA),  consis¬ 
tent  with  PTEN-p53  complex  formation  predominantly  occurring  in 
the  nucleus  (26).  However,  not  all  nuclear-localized  p53  or  PTEN 
were  found  to  colocalize  (Figure  2b  and  c).  In  the  presence  of  PTEN 
siRNA,  nuclear  p53  levels  were  significantly  reduced  in  control  and 
GEN-treated  cells.  To  evaluate  whether  nuclear  colocalized  p53  and 
PTEN  are  physically  associated,  whole  cell  lysates  from  control 
and  GEN-treated  cells  were  immunoprecipitated  with  PTEN  antibody 
or  control  IgG,  and  p53  and  PTEN  levels  in  immunoprecipitates  were 
analyzed  by  western  blots.  p53  was  co-immunoprecipitated  with 
PTEN  in  GEN-treated  cells  but  not  in  control  (vehicle-treated)  cells 
(Figure  2d),  indicating  GEN-mediated  promotion  of  these  proteins’ 
physical  association.  Non-specific  IgG  did  not  immunoprecipitate 
either  p53  nor  PTEN  protein  in  the  same  extracts,  indicating  specific¬ 
ity  of  the  immune  reactions. 

GEN  induction  of  PTEN  promoter  activity  requires  PTEN  and  p53 
p53  can  upregulate  PTEN  transcription  through  binding  to  p53  binding 
sites  in  the  PTEN  promoter  (25)  (Figure  3a).  To  determine  whether 
GEN  induction  of  nuclear  PTEN  leads  to  enhancement  of  PTEN  tran¬ 
scriptional  regulation  involving  p53,  PTEN  promoter  activity  was  mea¬ 
sured  in  control  and  GEN-treated  cells  by  dual  luciferase  assay  in  the 
presence  or  absence  of  siRNAs  targeting  p53  or  PTEN  (Figure  3b  and 
c).  Transfection  of  PTEN-luc  construct  significantly  increased  lucifer¬ 
ase  activity  in  both  control  and  GEN-treated  cells  relative  to  pGL3b 
vector- transfected  cells.  GEN  treatment  augmented  PTEN  promoter 
activity  relative  to  control  (vehicle)  cells  (by  1.5;  P  =  0.031).  siRNA 
to  p53  decreased  basal  (55%  inhibition)  and  GEN-induced  (81%  in¬ 
hibition)  PTEN  promoter  activity  (Figure  3b).  Interestingly,  transient 
PTEN  knockdown  by  siRNA  similarly  reduced  PTEN  promoter  activity 
in  control  and  GEN-treated  cells  (52  and  70%  inhibition,  respectively) 


(Figure  3  c).  GEN  enhancement  of  PTEN  promoter  activity  and  the 
corresponding  reductions  in  basal  and  GEN-induced  activities  with 
siRNAs  to  p53  and  PTEN  were  confirmed  at  the  level  of  the  PTEN 
messenger  RNA  by  QPCR  of  transfected  cells  (Figure  3b  and  c).  We 
next  examined  the  effects  of  GEN  on  p53  and  PTEN  recruitment  to  the 
PTEN  promoter  by  chromatin  immunoprecipitation  assay.  Chromatin 
preparations  isolated  from  control  and  GEN-treated  cells  were  immu¬ 
noprecipitated  with  either  anti-p53,  anti-PTEN  or  control  IgG  antibod¬ 
ies,  and  immunoprecipitated  DNA  was  analyzed  by  PCR,  using  primer 
sets  designed  within  the  region  of  the  PTEN  promoter  containing  the 
p53  binding  sites  (Figure  3a).  The  recmitment  of  p53  to  the  PTEN 
promoter  was  enhanced  by  GEN,  consistent  with  GEN  regulation  of 
PTEN  transcription  involving  its  induction  of  nuclear  p53  levels 
(Figure  3d,  top  panel).  GEN  also  increased  the  recmitment  of  PTEN 
to  the  p53  binding  sites  of  the  PTEN  promoter  (Figure  3d,  middle 
panel).  The  amounts  of  PCR  product  with  input  DNA  were  comparable 
among  samples  (Figure  3d,  bottom  panel)  and  no  PCR  product  was 
present  in  samples  immunoprecipitated  with  control  IgG,  indicating 
antibody- specific  immunoprecipitation  procedures. 

GEN  antiproliferative  effects  are  PTEN -dependent 
While  cytoplasmic  PTEN  decreases  phospho-Akt  levels  and  induces 
apoptosis,  nuclear  PTEN  has  been  associated  with  G0-Gi  cell  cycle 
arrest  by  its  downregulation  of  cyclin  D1  (39).  To  evaluate  if  GEN 
induction  of  nuclear  PTEN  in  MECs  (Figures  lc  and  2b)  results  in  cell 
cycle  arrest,  MCF-10A  cells  were  treated  with  vehicle  or  vehicle  con¬ 
taining  GEN  (2  pM),  and  cell  proliferation  was  measured  after  6  days 
using  the  3-(4,5-dimethylthiazole-2-yl)-2, 5-biphenyl  tetrazolium  bro¬ 
mide  assay.  GEN  modestly  but  significantly  decreased  cell  prolifera¬ 
tion;  this  effect  was  reversed  in  cells  pretreated  with  PTEN  siRNAs, 
showing  PTEN  dependence  (Figure  4a).  Since  similar  treatment  with 
GEN  did  not  change  the  number  of  viable  cells  nor  result  in  induction 
of  apoptosis  (data  not  shown),  decreased  cell  proliferation  by  GEN 
may  reflect  cell  cycle  arrest,  a  process  attributed  to  nuclear  PTEN  (40). 
To  determine  whether  increased  levels  of  nuclear  PTEN  with  GEN 
leads  to  G0-Gi  arrest,  cell  cycle  distribution  was  analyzed  in  control 
and  GEN-treated  cells  by  fluorescence-activated  cell  sorting  analysis. 
GEN  treatment  increased  the  percentage  of  cells  in  G0-Gx  phase  of  the 
cell  cycle  (56.72  ±  0.46  versus  62.97  ±  0.51;  P  =  0.003),  whereas 
lowering  that  in  the  S  phase  (25.54  ±  0.06  versus  20.69  ±  0.05; 
P  =  0.005)  (Figure  4b).  As  a  positive  control  for  G0-Gx  arrest  (41), 
cells  were  administered  growth  media  without  added  EGF  for  the  same 
period  as  GEN  (Figure  4b,  no  EGF).  Absence  of  EGF  treatment  re¬ 
sulted  in  increased  and  decreased  percentage  of  cells  in  the  Gq-Gx  and 
S  phases,  respectively.  Transcript  levels  of  cyclin  Dl,  a  positive  reg¬ 
ulator  of  Gq/Gi-S  transition  and  a  nuclear  PTEN  target  (42),  and  of 
pleiotrophin,  a  PTEN  (negatively)-regulated  growth  factor  (43),  were 
evaluated  in  vehicle-  and  GEN-treated  cells  transfected  with  scRNAs 
or  PTEN  siRNAs,  by  QPCR.  GEN  treatment  for  6  h  decreased  cyclin 
Dl  (58%  decrease;  P  =  0.031)  and  pleiotrophin  (53%  decrease; 
P  =  0.042)  transcript  levels.  PTEN  siRNA  addition  abrogated  GEN 
downregulation  of  these  genes’  expression  (Figure  4c). 

GEN  promotes  early  lohuloalveolar  differentiation  ofMCF-lOA  cells 
Three-dimensional  culture  ofMCF-lOA  cells  in  Matrigel  constitutes  an 
excellent  model  to  study  mammary  differentiation  (29).  Single-seeded 
cells  plated  on  Matrigel-coated  chamber  slides  form  acini  with  hollow 
lumens  by  day  10  of  culture,  resembling  mammary  gland  morphology 
in  vivo.  To  further  determine  the  functional  consequence  of  GEN  pro¬ 
motion  of  PTEN  expression  and  of  PTEN-p53  nuclear  colocalization 
in  MCF-10A  cells,  the  ability  of  GEN  to  induce  acini  formation  was 
assessed.  Cells  without  or  with  added  GEN  (2  pM)  were  evaluated  for 
acini  morphogenesis  at  days  6  and  12,  periods  corresponding  to  pre- 
and  post-differentiated  states,  respectively  (29).  At  day  6,  a  significant 
increase  in  the  numbers  of  acini  in  the  60-100  (x  102)  pm2  range  was 
observed  with  GEN  treatment,  indicative  of  early  lohuloalveolar  dif¬ 
ferentiation  (Figure  5  a  and  b).  The  numbers  of  acini  with  increasing 
sizes  [(100-140,  >140)  (x  102)]  continued  to  increase  at  day  12,  albeit 
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Fig.  2.  GEN  increases  colocalization  of  nuclear  PTEN  and  p53  and  their  physical  interaction  in  vivo,  (a)  siRNAs  targeting  PTEN  abolish  basal  and  GEN-induced 
PTEN  protein  levels;  loading  control  is  a  non-specific  protein  (140  kDa)  present  in  the  same  blot,  (b)  GEN  increases  nuclear  levels  of  PTEN  and  p53  in  MCF-10A 
cells  and  their  subsequent  colocalization.  Cells  were  immunostained  for  PTEN  (red)  and  p53  (green)  before  being  counterstained  for  4',6-diamidino-2- 
phenylindole  (blue).  Colocalization  of  anti-PTEN  and  p53-stained  cells  coincide  with  4/,6-diamidino-2-phenylindole  and  show  an  orange  color.  Representative 
images  for  each  group  are  shown  from  three  independent  experiments;  bar,  50  pM.  (c)  The  percentage  of  nuclear  PTEN,  p53  and  colocalized  PTEN  and  p53  was 
calculated  by  counting  five  random  areas  per  slide  with  three  slides  for  each  group.  Means  with  different  letters  (a,b)  differed  at  P  <  0.05;  *P  <  0.05  relative  to 
non-targeting  scRNA  within  each  group,  (d)  Cell  lysates  from  MCF-10A  cells  were  immunoprecipitated  with  mouse  monoclonal  PTEN  antibody,  followed  by 
immunoblotting  with  anti-p53  or  anti-PTEN  antibodies.  Representative  blots  from  two  independent  experiments  with  same  results  are  shown. 


GEN  effects  over  control  only  tended  to  be  significant  (Figure  5b). 
PTEN  and  p53  protein  localization/colocalization  in  acinar  structures 
(day  6)  were  evaluated  by  immunofluorescence  and  confocal  imaging. 
Nuclear  PTEN  and  p53  immunoreactivities  were  higher  in  GEN- 
treated  acini  relative  to  corresponding  controls  (vehicle  treated),  and 
a  number  of  these  acini  showed  PTEN-p53  colocalization  (Figure  5c 
and  d),  similar  to  the  results  for  GEN-treated  cells  grown  in  monolayers 
(Figure  2b).  These  results  are  consistent  with  the  involvement  of  PTEN 
and  p53  in  GEN-induced  early  lobuloalveolar  differentiation  of  MECs, 
supporting  a  recent  observation  that  PTEN  regulates  acini  morphogen¬ 
esis  of  MECs  (44). 

Discussion 

In  this  study,  we  establish  induction  of  nuclear  PTEN-p53  cross¬ 
regulation  by  GEN  in  MECs  as  a  novel  mechanism  of  breast  cancer 
prevention  by  dietary  factors.  We  provide  evidence  to  support  a  model 


in  which  GEN  induces  an  autoregulatory  loop  between  PTEN  and  p53 
to  promote  mammary  epithelial  cell  cycle  arrest  and  early  lobuloal¬ 
veolar  differentiation  (Figure  6).  GEN  induction  of  PTEN  expression 
and  nuclear  accumulation  elicits  a  sequence  of  PTEN-dependent 
events  as  follows:  (i)  increased  nuclear  p53  accumulation;  (ii)  en¬ 
hanced  PTEN-p53  physical  interaction;  (iii)  increased  recruitment 
of  the  PTEN-p53  complex  to  the  p53  binding  sites  of  the  PTEN  pro¬ 
moter;  (iv)  higher  PTEN  promoter  activity  and  (v)  promotion  of  cell 
cycle  arrest  and  lobuloalveolar  differentiation  and  attenuated  expres¬ 
sion  of  proliferative  genes  cyclin  D1  and  pleiotrophin.  Taken  together, 
our  findings  identify  PTEN  pathway  activation  involving  p53  as  an 
early  molecular  event  mediating  dietary  factor  effects  in  the  preven¬ 
tion  of  mammary  tumorigenesis. 

Around  40%  of  breast  cancer  cases  are  preventable  by  a  healthy 
diet,  exercise  and  weight  control  alone  (45).  While  it  is  widely  ac¬ 
cepted  that  early  (prepubertal)  consumption  of  soy  foods  is  associated 
with  a  decreased  risk  of  breast  cancer  (7),  mechanisms  underlying 
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Fig.  3.  Induction  of  PTEN  promoter  by  GEN  requires  PTEN  and  p53.  (a)  Schematic  representation  of  the  PTEN-luc  reporter  construct  used  for  luciferase 
assay  containing  the  two  p53  binding  sites  (black  box).  MCF-10A  cells  were  cotransfected  with  0.2  pg  of  PTEN  promoter-reporter  construct  (PTEN-luc)  or  empty 
vector  pGL3-basic  vector  (pGL3b)  and  control  siRNA  (scRNA)  or  siRNA  targeting  p53  (b)  or  PTEN  (c).  Following  overnight  serum  starvation,  cells  were 
treated  twice  with  GEN  for  24  h  each  and  then  luciferase  activity  was  determined  (Materials  and  Methods).  Each  siRNA  panel  represents  a  separate 
experiment  repeated  twice  with  similar  results.  PTEN  messenger  RNA  levels  were  determined  under  similar  treatment  conditions  and  quantified  by  QPCR. 
Means  with  different  letters  (a,b)  differed  at  P  <  0.05;  *P  <  0.05  and  AP  =  0.085  relative  to  non-targeting  scRNA  within  each  group,  (d)  Cross-linked  sheared 
chromatin  was  immunoprecipitated  with  antibody  against  p53  or  PTEN.  After  reversal  of  cross-links,  DNA  was  analyzed  by  PCR  using  primers  that  amplify  the 
PTEN  promoter  region  containing  the  p53  binding  sites. 


dietary  protection  against  mammary  tumorigenesis  remain  poorly  un¬ 
derstood.  Here,  we  provide  strong  support  for  a  molecular  mechanism 
involving  increased  PTEN  expression  in  MECs  to  underlie  mammary 
tumor  protection  by  diet.  The  non-tumorigenic,  classical  ER-negative, 
human  mammary  epithelial  cell  line,  MCF-10A,  expresses  both  wild- 
type  PTEN  and  p53  and  represents  an  ideal  in  vitro  system  that 
mimics  prepubertal  (estrogen  insensitive)  mammary  gland  (46).  The 
current  study  used  GEN  at  physiologically  relevant  concentrations 


mimicking  those  found  in  plasma  of  human  subjects  regularly  con¬ 
suming  soy  foods  (35).  Our  results  effectively  preclude  increased 
DNA  damage  and  apoptosis  as  underlying  the  GEN-mediated  molec¬ 
ular  changes  reported  here  since  higher  doses  of  GEN  than  used  in  the 
present  study  were  found  to  be  non-genotoxic  to  MECs  (47). 

Although  PTEN  is  known  as  a  potent  inhibitor  of  the  PI3K-Akt 
pathway,  recent  emerging  data  support  phosphatase-independent  and 
cellular  localization-dependent  roles  of  PTEN.  For  example,  while 
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Fig.  4.  The  anti-proliferative  effect  of  GEN  requires  PTEN.  (a)  Decreased  cell  proliferation  by  GEN  in  a  PTEN-dependent  manner  in  MCF-10A  cells  measured 
by  the  3-(4,5-dimethylthiazole-2-yl)-2, 5-biphenyl  tetrazolium  bromide  assay  after  6  days  of  GEN  treatment,  (b)  Cell  cycle  distribution  determined  by 
fluorescence-activated  cell  sorting  analysis  shows  G0-Gi  arrest  and  lower  percentage  of  cells  in  the  S  phase  after  GEN  treatment.  As  a  positive  control  for  G0-Gi 
arrest,  cells  were  administered  media  in  the  absence  of  EGF  and  analyzed  at  the  same  time.  Values  are  means  ±  SEMs  from  two  independent  experiments 
performed  with  triplicate  samples.  *P  <  0.05  relative  to  control  for  each  stage  of  cell  cycle,  (c)  Transcript  levels  of  the  positive  regulator  of  Gi-S  transition,  cyclin 
D1  and  the  proliferative  growth  factor  pleiotrophin  are  decreased  by  GEN  in  a  PTEN-dependent  manner.  Means  with  different  letters  (a,b)  differed  at  P  <  0.05; 
*P<0.05  relative  to  non-targeting  scRNA  within  each  treatment  group. 


cytoplasmic  PTEN  is  considered  to  mediate  apoptosis,  nuclear  PTEN 
plays  a  key  role  in  chromosomal  integrity,  cell  cycle  arrest  and  dif¬ 
ferentiation  (42).  Loss  of  nuclear  PTEN  has  been  correlated  with 
decreased  differentiation  of  normal  cells,  favoring  neoplastic  trans¬ 
formation  (48).  We  demonstrate  here  that  PTEN  is  both  a  target  and 
regulator  of  p53  action,  leading  to  increased  MEC  differentiation.  The 
GEN-induced  PTEN  autoregulatory  loop  is  initiated  by  increased 
nuclear  localization  of  PTEN,  which  promotes  nuclear  retention  of 
p53  and  the  subsequent  transactivation  by  the  PTEN-p53  complex  of 
the  PTEN  promoter.  Several  features  of  this  novel  mechanism  are 
noteworthy.  First,  GEN  effects  on  p53  largely  occur  through  PTEN, 
as  demonstrated  by  the  highly  significant  PTEN-mediated  increase  in 


p53  nuclear  localization  in  the  relative  absence  of  GEN  effects  on  p53 
expression  (data  not  shown).  These  results  are  consistent  with  the 
observed  lack  of  apoptosis  in  GEN-treated  MCF10A  cells  (undetect¬ 
able  sub-Go/Gx  population),  which  would  be  predicted  otherwise  if 
GEN  leads  to  increased  DNA  damage  concomitant  with  elevated  p53 
expression.  Second,  while  p53  is  known  to  transactivate  the  PTEN 
gene  (25)  and  that  PTEN  has  been  demonstrated  to  regulate  p53  levels 
in  both  phosphatase-dependent  and  -independent  manners  (26,49),  the 
present  results  to  the  best  of  our  knowledge,  constitute  the  first  report 
of  a  functional  PTEN-p53  transcriptional  complex  underlying  in¬ 
creased  PTEN  promoter  activity  in  MECs.  The  latter  is  consistent 
with  the  findings  that  PTEN  and  p53  mutations  are  mutually  exclusive 
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Fig.  5.  GEN  promotes  early  lobuloalveolar  differentiation,  (a)  MCF-10A  cells  were  cultured  in  Matrigel  to  allow  acini  formation  as  described  in  Materials 
and  Methods.  The  numbers  of  acini  formed  were  counted  at  days  6  and  12  of  mammary  acini  morphogenesis  from  three  random  areas  per  chamber  with  four 
chambers  per  treatment  group;  bar,  50  pM.  (b)  Results  are  mean  ±  SEM  from  two  independent  experiments.  *P  <  0.05  relative  to  control,  (c)  Increased  nuclear 
PTEN  and  p53  in  GEN-treated  MCF-10A  acini  at  day  6.  Subcellular  localization  of  PTEN  (green)  and  p53  (red)  was  recorded  by  confocal  microscopy. 
Representative  images  are  from  four  independent  chambers  for  Control  or  GEN;  bar,  20  pM.  (d)  Z-section  showing  colocalization  of  PTEN  and  p53  (arrow)  in 
GEN-treated  cells  at  day  6;  bar,  20  pM. 


in  human  breast  cancers  (50),  suggesting  that  loss  of  either  tumor 
suppressor  is  sufficient  to  facilitate  tumorigenesis,  partly  due  to  the 
eventual  loss  of  PTEN  expression.  Finally,  while  the  initiation  of  the 
PTEN  autoregulatory  loop  by  GEN  leads  to  a  significant  increase  in 
cell  cycle  arrest  and  promotion  of  early  lobuloalveolar  differentiation, 
the  biological  changes  are  modest,  suggesting  multiple  pathways  un¬ 
derlying  dietary  effects  against  tumorigenesis.  In  agreement  with  this, 
we  (14,51)  and  others  (52)  have  identified  numerous  genes  and  sig¬ 


naling  pathways  that  are  regulated  by  dietary  factors  in  a  variety  of 
tissues  and  cell  types. 

Our  work  links  the  two  most  common  tumor  suppressor  pathways, 
namely  PTEN  and  p53,  in  the  context  of  breast  cancer  prevention  by 
soy  isoflavone  GEN.  Albeit  the  mechanism  for  induction  of  PTEN 
levels  by  GEN  is  currently  unknown,  it  is  possible  that  GEN  may  be 
acting  through  classical  ER-independent  mechanisms  via  G  protein- 
coupled  receptor  30,  a  membrane  receptor  for  estrogen  (53),  based  on 
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Fig.  6.  Proposed  model  for  GEN-induced  nuclear  PTEN-p53  cross  talk  in 
MECs  to  enhance  PTEN  signaling  and  subsequent  MEC  differentiation. 

(a)  PTEN  is  constitutively  expressed  in  resting  cells  and  its  function  is 
regulated  in  part  by  subcellular  localization,  with  nuclear  preference  in  non- 
malignant  cells.  On  the  other  hand,  p53  is  a  dynamic  protein  that  is 
maintained  at  low  levels  under  normal  conditions  by  Mdm2  degradation. 

(b)  In  the  presence  of  GEN,  the  nuclear  pool  of  PTEN  is  increased  leading  to 
increased  levels  of  nuclear  p53,  promotion  of  PTEN-p53  complex  formation, 
increased  recruitment  of  the  PTEN-p53  complex  to  the  PTEN  promoter,  and 
hence,  activation  of  PTEN  transcription.  A  functional  outcome  of  increased 
nuclear  PTEN  is  the  reduction  in  the  expression  of  pro-proliferative  genes 
cyclin  D1  and  pleiotrophin,  resulting  in  G0-Gi  arrest  and  leading  to  early 
lobuloalveolar  differentiation. 


our  preliminary  results  indicating  GEN  upregulation  of  G  protein- 
coupled  receptor  30  expression  in  MECs  (data  not  shown).  Our  stud¬ 
ies  offer  a  mechanistic  basis  to  target  the  PTEN  activation  pathway  by 
the  identification  of  dietary  components  with  PTEN-promoting  activ¬ 
ity  as  a  preventative  strategy  to  reduce  breast  cancer  risk. 
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